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Abstract

Electron cloud formation and the associated effects of
beam loss and instabilities have been observed in high in-
tensity proton machines such as the LANL PSR and the
CERN SPS. A program has recently been launched at the
Rutherford Appleton Laboratory (UK) to understand the
lack of electron cloud induced instabilities in the opera-
tions of the 160 kW 70-800 MeV ISIS synchrotron. Simu-
lations have been carried out using a newly developed ver-
sion of the CERN ECLOUD code [1, 2] to model the main
features of the electron cloud build-up in a representative
field-free region of the ISIS ring. A comparative study has
also been undertaken to gauge electron-proton (e-p) related
problems/limitations in possible future proton machines for
spallation neutron sources (ESS) or neutrino factories (ISIS
MW upgrade).

INTRODUCTION

Unlike other high intensity proton machines (such as the
LANL PSR and the CERN SPS) that have been affected by
electron-cloud induced instabilities, the ISIS proton syn-
chrotron at the Rutherford Appleton Laboratory (UK) has
never reported problems that could be traceable to this ef-
fect in its more than 20 years of operations. Understand-
ing this singular behaviour is therefore both relevant to a
complete picture of the dynamics of electron-proton inter-
actions, and also, on a more practical side, for the planning
of future accelerators, should any ISIS features be proven
to suppress the effect.

An experimental programme to observe electron-proton
instability in ISIS was first attempted around 1995 by
G. H. Rees [3]: a coasting beam of4 × 1013 protons was
stored at 70 MeV and transverse rms emittances of approx-
imately 50πµrad-m, but no high-frequency coherent trans-
verse motion was observed in either transverse plane. A
more recent programme of observations with the use of gas
ionisation beam profile monitors has only just started and
has not produced any conclusive results to date.

In this paper we present comparative simulation results
for ISIS, the Proton Storage Ring at LANL and ESS [4], a
proposal for a future generation European spallation neu-
tron source, obtained with the code ECLOUD [1, 2], orig-
inally developed at CERN and here adapted for modelling
high intensity long bunch proton machines. The study is
limited to the EC buildup and dissipation in a representa-
tive field-free or dipole field section of the ring; instabil-
ity issues have not been addressed so far. A similar study,
though restricted to areas of the machines with no external
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Table 1: ISIS synchrotron parameters.

Repetition rate (Hz) 50
Injection energy (MeV) 70
Injection type H− multi-turn
Injected intensity (ppp) 2.8× 1013

Extraction energy (MeV) 800
Extracted intensity (ppp) 2.5× 1013

Extraction type single turn
Nominal betatron tunes Qh = 4.31, Qv = 3.83
Efficiencies (inj., trapping, extr.) 98%, 90%, > 99.9%
RF frequency sweep (MHz) 1.3-3.1
Magnet excitation 50 Hz sinusoidal
Peak volts per turn (kV) 140
Harmonic number 2

magnetic fields, has been recently undertaken by M. Fur-
man and M. Pivi [5] with the use of their simulation code
POSINST [6, 7]. A comparison with our results for the
same input parameters shows good agreement.

ISIS

ISIS [8] is presently the world’s most powerful pulsed
neutron source. Its operational values are summarised in
Table 1. Typically2.8×1013 protons are accumulated dur-
ing the200µs injection process: the beam is effectively un-
bunched during injection and the H− ions are stripped with
an Al2O3 foil as they enter the ring acceptance. Accelera-
tion from 70 to 800 MeV takes place over the 10 ms sinu-
soidal field ramp; trapping of the unbunched beam is con-
centrated in the first 1 ms and most of the losses (∼ 10%)
occur during this process, though they are efficiently inter-
cepted by momentum collimators. The ISIS vacuum cham-
ber is partly made of Stainless Steel (field free sections)
and partly ceramic (97.6% alumina) with StSt RF shields
(dipoles and quadrupoles) sitting on MACOR® supports:
its walls are smoothly profiled at an approximately con-
stant ratio to the beam radii and present a rectangular cross
section.

SIMULATION MODEL

A detailed description of the simulation code ECLOUD
can be found elsewhere [9]. For the purpose of this study
the code has been adapted for treatment of non-relativistic
superbunches: in particular it has proven essential to use a
precise method of resolving the 3D electron kinematics un-
der the accelerating field of the beam and the space charge



forces (in our case a4th order Runge-Kutta integration),
and to use a very refined slicing inside the bunch (of the
order of several thousands of slices), necessary for an ac-
curate tracking of the faster electrons.

Primary electrons are produced either by residual gas
ionisation or as a result of lost protons hitting the cham-
ber walls. The ionisation probability per unit length per
proton is given by:

ni
e(m

−1) = 3.3σi[Mbarn]× p[Torr]× 294
T [K]

, (1)

wherep is the gas pressure,T the temperature (assumed
294 K) andσi is the ionisation cross-section (typically as-
sumed equal to 2 Mbarns).

As a recently added feature, the contribution from proton
losses is taken to be:

npl
e = ηn′pl, (2)

wheren′pl is the number of lost protons per proton per unit
length, andη is the electron yield per proton collision. For
PSR we assume a beam loss fraction of∼ 4 × 10−6 per
revolution. In ISIS most of the losses (7% of the beam) oc-
cur during the first 2 ms of the cycle and in the modelling
we simply consider an average loss fraction between rev-
olutions 500 and 1000 (1.24 × 10−4). For ESS we take a
limit of 0.01% of lost beam during the first 250 revolutions,
which yields a loss factor per revolution of4×10−7. A con-
stant yield efficiency of 100 electrons per proton lost at the
wall is then assumed, independent of the proton incident
energy and/or collision angle. Electrons produced by pro-
ton losses are generated at the walls with a Gaussian energy
distribution centered at 10 eV and withσ = 5eV, whereas
ionisation electrons are generated at rest inside the beam.

These primary electrons are then propagated in the
chamber under the influence of external magnetic fields,
the beam field, the electrons’ space charge force, the beam
and the electrons’ image fields. When one of these macro-
electrons hits the walls, it is either absorbed or re-emitted as
a secondary (true secondary, elastically reflected or redif-
fused) and its initial electric charge is changed according to
the value of the secondary emission yield computed for that
particular incident energy and angle. In this study we use
a fit [10] to secondary emission measurements for Stain-
less Steel obtained at SLAC for a chemically passivated
but not conditioned sample: the fit has been scaled so that
the maximum value of the secondary yield isδmax = 1.5
at Emax = 300 eV. We take into account both the elas-
tic backscattered and the rediffused components. A critical
parameter is the secondary yield at very low incident ener-
gies (E0 < 10 eV) which influences the survival of elec-
trons at the end of the interbunch gap. Unfortunately this
quantity is difficult to determine experimentally and is cur-
rently an uncertainty of the model. In this study we adopt
the conventional assumption ofδ(0) ∼ 0.4, and compare
it with the case where we assumeδ(0) ∼ 1.0 following
some recent measurements obtained at CERN for a Copper
sample [11].

The machine parameters adopted in this study are sum-
marised in Table 2. The ISIS beam energy corresponds
to the value at injection, where most of the losses occur.
Bunches are modelled with a parabolic longitudinal pro-
file and Gaussian transverse distribution with RMS sizes
as per Table 2. The chamber has fixed dimensions and a
cylindrical symmetry for PSR, while for ISIS and ESS its
cross-section is rectangular and profiled so as to maintain a
roughly constant ratio between its radius and the beam ra-
dius at any one point in the cycle. A representative section
of the machine is selected and the bunch and interbunch gap
divided intoNb andNg slices respectively (roughly corre-
sponding to the same time step). The numbers chosen here
(in particular for the bunch slices) are the minimum ones at
which convergence in the results was achieved.

FIELD FREE SIMULATIONS

Saturation of the electron linear density in the machine
chamber is reached after the passage of just a few bunches.
In all three cases the mechanism of EC buildup is through
trailing edge multipacting: during the bunch passage most
of the electrons are trapped inside the beam and do not
reach the walls for secondary production. It is only when
the beam field gets weaker at the tail of the bunch that the
electrons can escape and multiply at the walls with a fast
rise in their line density; following this, most of them will
just dissipate in the interbunch gap and only a fraction sur-
vives to be trapped by the next bunch.

Fig. 1 shows the peak value for the EC line density in
ISIS to be just under 0.3 nC/m, compared to 1 nC/m for
PSR and 3nC/m for ESS. The latter two present a similar
pattern of growth, whereas in ISIS, on one hand the higher
loss fraction causes some EC formation inside the bunch
(due to the primaries), and on the other, the much longer
interbunch gap accounts for a more pronounced EC dis-
sipation between bunches. Fig. 2 shows the average flux
of electrons (inµA/cm2) incident upon the chamber walls.
One notices that the flux is much larger for PSR and ESS
than it is for ISIS (by about a factor of 5). Fig. 3 shows the
neutralisation level within the beam, i.e. the ratio between
the number of electrons and protons contained within the
1-σ ellipse around the bunch centre. Its minimum level at
the centre of the bunch is higher for PSR than it is for ISIS
or ESS, which could indicate a lower probability for the
latter two to be affected by e-p instability.

Trailing edge multipacting in rectangular geom-
etry

The dynamics of trailing edge multipacting presents
slightly different features in the three cases considered. In
PSR, both the chamber and the beam are (transversely) cir-
cular, so the electron cloud buildup (in a field free section
of the machine) is isotropic: the electron distribution at
the walls is uniform along the circumference and so are
the impact energy, angle or secondary emission yield pro-



Table 2: Parameters used for the PSR, ISIS and ESS simulations

Parameter ISIS PSR ESS
Machine parameters
Ring circumference (m) 163.3 90 220
No. bunches 2 1 1
Beam energy (GeV) 1.014 1.735 2.272
Bunch population (1013) 1.25 5 23.4
Bunch length (ns) 232 254 560
Interbunch gap (ns) 470 103 246
Pipe semi-axes (cm) (6.3,8) (5,5) (5.8,5.2)
RMS bunch sizes (cm) (2.3,3.4) (1,1) (1.45,1.3)
Residual gas pressure (nTorr) 500 10 75
Temperature (K) 294 294 294
Proton loss rate (10−9p/m) 763 44 1.8

Simulation parameters
Ionisation cross-section (Mbarns) 2 2 2
Proton-electron yield 100 100 100
Peak SEY 1.5 1.5 1.5
Energy at peak SEY 300 300 300
SEY atE0=0 0.4 0.4 0.4
δe(Emax) + δr(Emax) 0.6 0.6 0.6
Bunch slices (Nb) 500 8000 8000
Gap slices (Ng) 1000 4000 4000
No prim. ME per bunch 500 8000 8000
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Figure 1: Beam profile (green lines, in a.u.) and electron cloud line density after the passage of a few bunches for ISIS
(left, with primary electron generation by either residual gas ionisation - blue line - or proton losses - red line), PSR
(centre, proton losses, in red) and ESS (right, proton losses, in red).
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Figure 2: Average electron flux at the chamber wall for ISIS (left), PSR (centre) and ESS (right).
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Figure 3: Beam neutralisation factor for ISIS (left), PSR (centre) and ESS (right).

jection (at any one time) along thex or y direction. On
the other hand, in ESS and ISIS the beam has an elliptical
transverse distribution and the chamber is rectangular. This
breaks the isotropy seen for PSR and introduces preferen-
tial directions for multipacting, in particular along the two
diagonals of the chamber. At the height of electron mul-
tiplication in the bunch tail, electrons have nearly head-on
collisions along the sides of the chamber, but they impact
at a larger angle in the corners and often bounce off the fac-
ing wall before being redirected towards the beam (corner
trapping). This increases the secondary yield at the corners
(∼ 30% higher than along the sides, see Fig. 5) and ‘po-
larises’ the electron multiplication along the diagonals of
the chamber. This is particularly evident for ESS, where
the multipacting is stronger than in ISIS and the electrons
reach higher energies, up to 7 keV (see Fig. 4).

During the interbunch gap this resonance condition is
broken as the secondary emission coefficient falls below
unity uniformly along the perimeter of the chamber (see
Fig. 5) and the electrons assume a more even spatial distri-
bution.

Parameter sensitivities

In this study we have carried out tests to check the sen-
sitivity of the electron cloud buildup to some of the input
parameters or physical models adopted in the simulation
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Figure 4: Electron distribution in the ESS rectangular
chamber at the height of multipacting in the bunch tail:
macroelectrons are shown in red, the boundaries of the
bunch and the chamber are in blue.

code.

Bunch intensity We have varied the ISIS bunch inten-
sity from its current value (2.5 × 1013 ppp) to the one that
might be achieved after completion of the currently ongo-
ing upgrade of the machine to 240 kW, via the installation
of a dual harmonic RF system (four extra second harmonic
cavities) [12]. The increased longitudinal phase acceptance
will make it theoretically possible for up to3.8× 1013 pro-



Figure 5: Projection of the SEY coefficient along the
perimeter of the chamber at two different time snapshots,
in the bunch tail (left) and in the middle of the interbunch
gap (right).

tons to be stored in the ring without any additional losses,
provided the phase and amplitude of theh=4 component
are chosen within some tight limits [13]. Assuming the
same pattern of losses as in the present machine, the in-
crease in bunch intensity (with all other quantities being
kept fixed) bringsλe (EC linear density in the chamber) to
double its original peak value (from 0.3 nC/m to 0.6 nC/m).

Bunch profile Following some recent studies showing
the importance of the bunch longitudinal shape in the dy-
namics of trailing edge multipacting [14], we have intro-
duced in the simulations the real ISIS bunch profile (aver-
aged over 20 turns of the machine at the start of the cycle
shortly after trapping) instead of the parabolic approxima-
tion (see Fig. 6).

Just by modifying the shape (in particular adding
stronger tails), without changing either the bunch length or
its population, the peakλe increases by nearly70%, show-
ing that the multipacting resonant condition is enhanced.

SEY model: low-energy and rediffused electrons
Another critical parameter in these simulations is the curve
adopted to model the secondary emission yield as a func-
tion of the incident energy, and in particular the relative
composition of the emitted secondary electrons (i.e. elas-
tically reflected, rediffused and true secondaries) and their
energy distribution. The fit used for this study is for StSt
data, withδmax=1.5 atEmax= 300 eV: all three compo-
nents of the electron spectrum are included, and we assume
δrefl(Emax) + δred(Emax)=0.6. In the simulation code,
secondary electrons are then assigned to one or the other
category in proportion to the latter’s relative fraction in the
overall secondary population at that particular incident en-
ergy. If the electron is reflected, its energy is set equal to the
incident electron energy minus a small Gaussian smearing;
if it is a rediffused its energy is set to E=E0·r0.7[10] (where
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Figure 6: (bottom) ISIS average longitudinal profile as
measured at the start of the cycle, superimposed to the
parabolic profile; (top) electron-cloud line density buildup
for the two different bunch profiles (parabolic in red and as
measured in green).

r is a random number uniformly distributed between 0 and
1) and if it is a true secondary its energy is set to conform
to a Gaussian distribution centred at 10 eV and withσ=5
eV.

We have then compared these results to the ones ob-
tained when using a different SEY model (fitting experi-
mental data obtained at CERN on Cu), with the sameEmax

and δmax values, but with only two secondary electron
components included, namely the elastically reflected and
the true secondaries (withδrefl(Emax) + δred(Emax) ∼
0). The near absence of any backscattered component at
energies higher than 100 eV causes the electron cloud lin-
ear density to drop by nearly40% in its peak value (Fig. 7).

Another important parameter of the SEY model, as men-
tioned earlier, is the secondary yield at very low incident
energy. As this decreases, the ratio between reflected and
true secondaries gets larger, until reflection becomes the
dominant process for energies below 20 eV. The value
of δ(0) then determines whether these slow electrons are
simply absorbed at the walls or backscattered. Assuming
δ(0) ∼ 1, as some recent experimental observations on Cu
seem to suggest [11], we increase the survival time of low-
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Figure 7: Electron cloud line density for: StSt SEY model
(green curve), Cu SEY model withδ(0) = 0.4 (blue curve)
and Cu SEY model withδ(0) = 1.0 (red curve).

energy electrons inside the vacuum chambers (due to their
high reflectivity), and as a consequence, the peak electron
cloud density also increases by nearly50% (Fig. 7).

The sensitivity of the simulation results to these param-
eters provides a particularly strong case for further experi-
mental investigations to be carried out in an effort to con-
strain their values within more accurate and tighter limits.

DIPOLE FIELD SIMULATIONS

Simulations of electron cloud buildup in dipole fields
are currently hampered by difficulties in the physical mod-
elling of the ISIS vacuum chamber. In fact, while the
field free sections are entirely metallic and built out of
StSt, both dipoles and quadrupoles present a more com-
plex structure. Ceramic vacuum chambers (97.6% pure
Al2O3) are used in the pulsed magnets of ISIS and radio-
frequency shields are interposed between them and the
beam to reduce impedances. The fast cycling of the mag-
nets in the synchrotron, however, prohibits the use of solid
metal plates because large eddy currents would destroy the
quality of the field. The shields are therefore made as grids
of stainless steel rods which run parallel to the beam direc-
tion and are supported by insulating frames (in MACOR®).
In the dipole magnets the vertical sides are solid stainless
steel plates, whereas RF screens are inserted above and
below the beam (Fig. 8). In the quadrupole magnets RF
shields are inserted on all four sides [15]. Part of the diffi-
culties in the electron cloud buildup simulation for such a
chamber arise from the fact that it is not yet clear how the
presence of the RF screens affects the beam environment
and in particular the electron motion. On the other hand,
it is also not fully understood how the ceramic chamber
behaves under electron/ion bombardment in this particu-
lar energy range: only a few experimental datasets on sec-
ondary emission are available, which seem to suggest that

Figure 8: ISIS dipole chamber from the beam’s perspec-
tive. On the entrance face the rectangular chamber is as
wide as the RF shield (22× 4.76 = 104.72 mm) and 140
mm high. Dimensions and geometry change within the
dipole to follow the beam profile.

the energy dependence of the SEY curve should be similar
to that for metal surfaces, but with total yields higher by
up to a factor of 5-10. Ceramics, however, would display
a time-dependent behaviour due to their electrical charg-
ing, eventually approaching a final stationary state charac-
terised byj(x, t) = 0 andσ(t) = 1 (wherej is the charge
current andσ the secondary emission coefficient).

Simulations of EC buildup in the ISIS dipole field at in-
jection (B = 0.185 T), in the assumption of a plain stain-
less steel chamber, show the electron linear density falling
to about one third of the value reached in a field-free sec-
tion of the machine at the same point in the cycle. The elec-
tron motion is confined by the magnetic field to the vertical
plane and multipacting happen on the horizontal sides of
the chamber above and below the beam (see Fig. 9).

A more realistic simulation of the ISIS dipoles is cur-
rently dependent on a better understanding of the chamber
geometry and on the availability/provision of experimen-
tal inputs on secondary emission properties of ceramic sur-
faces.

CONCLUSIONS

We have presented preliminary results of EC buildup
simulations in the ISIS synchrotron, using a version of the
code ECLOUD, adapted for the treatment of intense non-
relativistic long bunch proton machines.

For field-free regions we have carried out a comparative
study between ISIS, PSR and ESS, assuming the same sec-
ondary emission model and specific machine parameters.
The following conclusions can be drawn:
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• when assuming parabolic longitudinal beam distribu-
tions, the electron cloud buildup is stronger in PSR
and ESS than in ISIS, where the peak electron flux at
the wall is smaller by about a factor of 5;

• qualitatively, the pattern of the EC buildup is remark-
ably similar between PSR and ESS, but different for
ISIS, where a) the larger proton loss rate causes some
cloud formation even inside the beam (due to the pri-
maries), and b) the larger gap to bunch length ratio
(about 4 times that for either ESS or PSR) determines
a more pronounced dissipation of the electrons and
therefore a weaker buildup.

• The dynamics of trailing edge multipacting has been
studied for different chamber geometries (rectangular
and circular).

• Sensitivity of the results to the bunch intensity and
longitudinal distribution and to the secondary emis-
sion model adopted in the simulation code has been
assessed. For the latter, in particular, critical parame-
ters have been found to be the elastic electron reflec-
tion at low energies and the relative population of the
three components of the secondary electron sample
(reflected, rediffused and true secondaries) together

with their specific energy distributions.

• Simulation results show good agreement with a simi-
lar study carried out by M. Furman and M. Pivi [5] us-
ing the code POSINST, thus providing proof of bench-
marking between the two codes for the cases exam-
ined.

A first basic attempt has also been made to simulate EC
buildup in dipole regions for ISIS: for a more realistic pre-
diction, however, a clearer understanding of the role played
by the RF shields in the vacuum chamber and a precise set
of surface measurements on the secondary emission prop-
erties of the ceramic walls will be of critical importance.
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